Several techniq ues have been described for the determination of morphine in hair as a method of monitoring past heroin use. However, although some of the techniques [notably radioimmunoassay (RIA)] may appear relatively simple to perform, any results obtained must be interpreted with caution. In this study, hair specimens from four known heroin abusers were sectionally analysed by a specific RIA for morphine. Prior to analysis, all hair sections were cleaned to remove any possible surface contamination. Five different hair digestion procedures were evaluated to determine the most effective method that could be used to liberate morphine from hair. The greatest analytical recovery was obtained by incubation with 1·0 M sodium hydroxide for 18h at 55"C, neutralization with 1·0 M hydrochloric acid, and pH adjustment with 0·1 M phosphate buffer (pH 7,0). The morphine concentrations detected in the hair specimens ranged from 0·5 to 13·2 ng/rng of hair. It was also found that the use of shorter length segments (e.g. I ern length) gave a clearer, more detailed picture of the historic pattern of heroin use in the four subjects studied.
SUMMARY. Several techniq ues have been described for the determination of morphine in hair as a method of monitoring past heroin use. However, although some of the techniques [notably radioimmunoassay (RIA)] may appear relatively simple to perform, any results obtained must be interpreted with caution. In this study, hair specimens from four known heroin abusers were sectionally analysed by a specific RIA for morphine. Prior to analysis, all hair sections were cleaned to remove any possible surface contamination. Five different hair digestion procedures were evaluated to determine the most effective method that could be used to liberate morphine from hair. The greatest analytical recovery was obtained by incubation with 1·0 M sodium hydroxide for 18h at 55"C, neutralization with 1·0 M hydrochloric acid, and pH adjustment with 0·1 M phosphate buffer (pH 7,0). The morphine concentrations detected in the hair specimens ranged from 0·5 to 13·2 ng/rng of hair. It was also found that the use of shorter length segments (e.g. I ern length) gave a clearer, more detailed picture of the historic pattern of heroin use in the four subjects studied.
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Hair analysis has been performed for many years, especially in the USA, to monitor exposure to, and ingestion of, illicit drugs. However, the development of rapid, sensitive and specific radioimmunoassay techniques that facilitate the measurement of drug concentrations in human hair has allowed advances to be made in the field of monitoring drug abuse.l " Immunoassay techniques have many advantages over alternative methods such as gas chromatography-mass spectrometry (GCjMS). In particular, they may be easily performed by most routine clinical laboratories.
Sectional analysis along the length of hair specimens results in a time profile of drug abuse patterns.v' giving a valuable insight into past drug use, since it is estimated that hair grows at around 1-2cm/month. 4 This is a definite advantage over urine screening for drugs of abuse which, although widely used, can only yield information on current or very recent use. In addition, hair analysis provides a useful means to challenge or validate claimed drug use or abstinence.' Sectional hair analysis could therefore provide a useful means of improving the Correspondence: Dr S George. information available on initial assessment of subjects prior to their entry to detoxification programmes, in the assessment of treatment, and in the clinical audit of treatment regimes. Several techniques have been described for the determination of morphine (as a marker of heroin abuse) in hair, including GCjMS, highperformance liquid chromatography, and isotopic and non-isotopic Immunoassays.s-" It should be noted that the detection of morphine is not specific for heroin abuse, since morphine may be derived from codeine, licit morphine, and even poppy seeds. It is the detection of 6monoacetyl-morphine (6-MAM), a short lived metabolite of heroin, that is specific for heroin abuse." However, owing to the short detection time of 6-MAM (approximately 8 h in urine) it is generally accepted that the detection of morphine in the urine or hair of known heroin abusers is, in the majority of cases, a practical marker of heroin use. 1 ,2,7 There are two major problems that need to be addressed when performing sectional hair analysis for drugs of abuse monitoring. The first is surface contamination of the specimens from the surrounding environment of the subject (passive absorption), which could lead to falsely elevated drug concentrations being determined. Several specimen washing methods have been described to overcome this problem which propose the use of either dilute acids, organic solvents, phosphate buffers, or soap solutions.W' The second problem is liberating the drug of interest from the hair structure in which it was deposited during the hair keratinization process. This is usually accomplished by the hair specimen being digested using either acid or alkaline hydrolysis prior to analysis. 1,2,6 In addition, enzymatic or direct solvent extraction methods have been suggested to be superior for the extraction of chemically unstable compounds, for example benzoylecgonine and cocaine. IO, 11 Another issue that needs to be noted to allow inter-subject comparisons to be made is that of hair colour and cosmetic hair treatments. Several studies have investigated the effects of shampooing, perming, dyeing and bleaching of hair, and the effect these actions have on subsequently determined hair concentrations of drugs of abuse. 12-14 It has been found that bleaching of hair using strong hydrogen peroxide solutions may lead to an 80--90% decrease in the concentration of drugs detected, with repeated shampooing decreasing the concentration by around 60%.13,14 However, the extent to which drugs are lost from the hair depends on the frequency and severity of the treatment used, and the type of hair involved.F Although hair analysis is already widely used in the USA to monitor drug abuse or abstinence claims of individuals, there is very limited experience of this technique in the UK, particularly for clinical purposes.V The work presented here was performed as a pilot study to assess the feasibility of performing hair analysis as a routine method of monitoring heroin abuse and abstinence patterns, by the measurement of morphine concentrations in hair specimens. These measurements were made using a RIA technique, without modification, as previously described. 5, 8, 15 In addition, several different published digestion methods were evaluated for analytical recovery.
MATERIALS AND METHODS
Prior to the collection of hair specimens for drugs of abuse screening, ethical approval was obtained from the West Birmingham Health Authority District Ethical Committee. A questionnaire and request proforma was developed with a diagram illustrating the specimen collection site and Ann Clin Biochem 1997: 34 technique, and to collect relevant drug abuse data (including drugs abused, frequency of abuse, amount of drug abused per event) from the subjects to be monitored. All specimens were taken from the posterior vertex of the subject's head. It was requested that the hair should be tied with thread marking the scalp end, before being cut as close to the scalp as possible, and that a column of around O'Scm in diameter be collected. The specimens were then sealed in the clean polythene bag provided, and given a unique identification number, prior to despatch to the Laboratory.
Materials
All specimens received were sectionally analysed for morphine using a radioimmunoassay kit for morphine in urine (Coat-A-Count, EURO/DPC, Llanberis, UK) without modification, monitored by a NEl612 Gamma Counter (Nuclear Enterprises, Reading, UK).
Subject details
Hair specimens from four anonymous subjects known to be heroin abusers were received in the Laboratory. None of the subjects stated that they used cosmetic hair treatments such as bleach, dyes, or colourings. Their heroin (and other drug) abuse patterns, and frequency of hair washing were described by the subjects themselves as follows: 
Preparation of assay controls
Analytical recovery studies to determine the most efficient digestion method were performed using positive and negative control hair specimens, prepared as follows: Drug-free hair specimens were collected from the Laboratory staff. These specimens were cut into 1cm lengths and washed by rinsing in acetone, then water, then acetone, to remove any surface contamination. This was performed by mechanical shaking for 10min with 10mL of each solvent. The hair sections were allowed to dry at room temperature, and were then used as the negative controls for the appraisal of the different digestion methods.
Positive controls used to evaluate the digestion methods were produced by soaking drug free sections of hair, prepared as above, for 24 h in methanolic solutions of morphine to obtain concentrations of 1, 10, 50, 100, 500 and 1000 ng/mg of hair. The hair sections were again allowed to dry before their use in the assay. Further analytical control was afforded by an external reference material (RM 8448) which was obtained from the Organic Analytical Research Division National Institute of Standards and Technology (Gaithersburg, MD, USA). RM 8448 is a homogeneous material that was developed to be analysed between batches or different laboratories to ensure the accurate determination of benzoylecgonine, cocaine, codeine, and morphine in human hair.
Specimen digestion methods evaluated
Five different digestion methods were evaluated prior to analysis of the hair from the subjects being monitored. These methods were:
1·0 mL of 0·1 M sodium hydroxide for 1h at 80°C, cool and neutralize with 0·1 mL of 1·0 M hydrochloric acid, and adjust the pH to 6·5-7·5 with 0·1 M phosphate buffer (pH 7.0). The final volume was noted, and a 50 J1L aliquot was taken for analysis 2 ( 
Analytical procedure
The hair specimens from the four heroin abusers studied were cut into segments of between 1em and 3 em dependent on the quantity of hair provided, with a minimum of 10 mg of hair being required for each determination to be performed. Prior to analysis for morphine, all hair sections were cleaned by rinsing with acetone/water/acetone (as described above) to remove any surface contamination, and weighed accurately. The hair sections were digested according to method 5 above since this gave the best overall recoveries of the methods evaluated (see Results). The morphine concentration of the hair sections were calculated according to the DPC Coat-A-Count morphine in urine assay protocol. Briefly, the concentration of morphine in the hair extracts (ng/ml.) was derived from interpolation of a standard curve prepared from the morphine in urine calibrators supplied with the kit. This value was then converted into nanogram of morphine per milligram of hair specimen digested by the appropriate weight conversion factor of the specimens. The DPC morphine in urine kit is highly specific for morphine, with very low crossreactivity to morphine-3-glucuronide «0,04%), morphine-S-glucuronide ( < 0,17%), codeine «0,06%) and dihydrocodeine «0,05%). The limit of detection of the morphine assay was stated to be O' 3 ng/ml., equivalent to 0·06 ng/mg hair for a 10mg specimen.
RESULTS
Throughout the morphine studies only one washing method was used, that of acetone/ water/acetone to remove particulate and surface contamination of the hair specimens analysed, since other published methods have actually led to a loss of the drug being monitored from the hair matrix.v" The effectiveness of this method in removing external contamination, but not drug bound to the hair matrix, is shown in Fig.  1 . The initial morphine concentration, prior to any washing, was determined to be 250 ng/rng of hair. After a single acetone wash cycle for 10 min, this value had fallen to 158 ng/rng of hair. It can be seen that after two acetone wash cycles (acetone, then water, then acetone) prior to specimen digestion and analysis (the washing method used thoughout this study), no further drug is removed from the specimens. This was true even when the hair was washed up to nine times with acetone, interspersed with eight water rinses. For acetone wash cycles two to nine, the mean recovery was found to be 81·5 ng/mg hair (n = 8, coefficient of variation (CV) = 5'5%). The mean concentration found for blank (drug free) control specimens, adopted as the limit of quantitation for the morphine assay, was determined to be 0·3 ng/mg hair (range 0·2 to 0·4 ng/mg hair). The results of the recovery studies from the five digestion methods investigated are given in Table 1 . The results are expressed as a regression analysis of observed to expected concentrations of the spiked concentration of the hair specimens. It can be seen from the slopes of the different methods for expected compared to observed concentrations, that method 5 gave the best overall recoveries, possibly resulting from the total destruction of the hair specimens being monitored by this digestion process. It was for these reasons that method 5 was used for all subsequent work on the sectional analysis of hair specimens for morphine. The external reference material RM 8448 is stated to contain morphine at a concentration of 11·9 (SD 0,45) ng/rng of hair, and from the method 5 digestion process, the analytical recovery ranged between 9·0 ng/rng and 11.4 ng/mg (76% and 96%, respectively).
The concentrations detected in individual hair specimens are difficult to interpret since hair growth rate is only assumed to be relatively constant at approximately l-Zcm/montb. In addition, the definition of heavy and/or regular use of heroin (and of other drugs) is subjective and so the history provided regarding the heroin abuse patterns of the subjects monitored may not be directly comparable. All data is presented as morphine concentration in relation to the quantity of hair specimen analysed (ng/mg hair), and is presented as sequential distance from the scalp (in em), with the most recent data being gathered from the scalp itself, i.e., 0-1 cm. In addition, the concentration scale (y axis) is constant throughout to enable some form of comparison of morphine concentration between subjects to be facilitated. The final wash solution for each specimen segment was not analysed since the decontamination process was assumed to be complete (see Fig. I) .
The findings of the sectional hair analysis performed for morphine in hair specimens received from subjects 1 and 2 are illustrated in Figs 2 and 3, respectively. In both cases hair was anlaysed in long (3 ern) and short (I em) segments to determine the effect of segment length on the interpretation of the drug abuse patterns. The 3 em segmental analysis of subject I (Fig. 2a ) appears to agree with the subject's claims that no heroin had been used in the past 3 months since the concentrations of morphine detected are declining with decreasing distance from the scalp. However, the I em segmental analysis for subject I (Fig. 2b) shows recent heroin use, which contradicts the subject's r~0·9929 (n = 6) r = 0·9578 (n = 6) r = 0·9936 (n = 6) r = 0·9948 (n = 6) r = 0·9998 (n = 6) *The appearance of the hair specimens following the digestion methods. tLinear regression analysis of observed (y) to the expected (x) concentrations of recovered morphine from the hair specimens following digestion and analysis. The regression was not forced through the origin.
This pilot study was performed to establish the feasibility of establishing a routine clinical service to monitor drug abuse patterns using sectional hair analysis in conjunction with urine screening. It has long been known that urine screening offers data restricted to recent abuse,' and so claims made by subjects on presentation to addiction clinics were always open to question. The ability of hair analysis to yield a historic perspective, in the form of a time profile of abuse, should be able to overcome this problem and allow more informed treatments to be advised/prescribed.
DISCUSSION
claims. It can also be seen that the small hair segment length has led to apparently increased concentrations of morphine being extracted. The results for subject 2 (Fig. 3a and b) show a similar pattern to subject 1, with increased recent use of heroin. In this subject, it can also be seen that the results of the 3 em and I em segmental analysis both agree, and again contradict the claims of the subject. The results for subjects 3 and 4 are illustrated in Figs 4 and 5, respectively. For subject 3 the results agree with the claimed reduction of heroin use over the last month. The data for subject 4 again contradicts the claimed abstinence from heroin use over the last month, with concentrations showing a maximum in the segment 0-1 ern from the scalp.
The results also illustrate the point that the understanding of the terms heavy, regular, or occasional to describe the patterns of abuse of illicit drugs is very subjective. For example, the occasional use of heroin by subject 4 (Fig. 5 ) resulted in higher concentrations of morphine being deposited the hair than the heavy use of heroin by subject 3 (Fig. 4) . Cut-off concentration c:
:c eo 2 ::!: hair for morphine by radioimmunoassay techniques has been proposed to overcome the effects of poppy seed ingestion!" and to negate matrix effects from using a urine assay to determine hair extract concentrations of morphine.!? However, the study found that blank hair extracts gave an average morphine concentration of O'3 ng(mg of hair, and so this value was adopted to differentiate positive from negative specimens. This concentration of O'3 ng(mg for blank hair extracts has also been used as a limit of quantitation by previous workers in this field who utilized the DPC assay for hair analysis. 5,8,2o Throughout this study, it has been assumed that the recovery of morphine from the hair matrix is the same for spiked specimens as for specimens obtained from heroin abusers. However, it has been shown" that in the case of spiked specimens, drugs enter through the cuticle of the hair shaft and deposit primarily in non-medullated portions of the hair. In cases of drug ingestion, it is thought that drugs are deposited in the medullated portions of the hair shaft through the roots as the hair grows. The implications of the effects of this difference in drug disposition on the results obtained from hair analysis remain to be elucidated. In addition, as stated in the introduction, hair growth rate can only be assumed to be 1~2cm( month" or 0'2--{)'7mm(day,20 again making the interpretation of individual cases difficult. Four known heroin abusers were screened by sectional hair analysis for morphine, using the DPC morphine in urine assay as described by other workers in this field. 5, 8, IO, 17 However the presence of morphine in body fluids may be derived from a number of sources, such as codeine, licit morphine, and even poppy seeds. Although morphine may not itself be direct evidence of heroin abuse," it is usually accepted as a reliable marker when studying known heroin abusers. A limit of quantitation of 0·5 ng(mg of and gives rise to a much different interpretation of events. It can be seen that there is evidence of past and recent heroin abuse, with a decline in between that could be associated with the timing of the methadone detoxification treatment period, implying a treatment failure. It could therefore be argued in the case of subject 2, that the methadone detoxification programme had either succeeded or failed depending on the length of hair segment analysed.
In the case of subject 3, methadone detoxification had commenced 4 months and ended 1 month prior to hair specimen collection. There was no evidence of recent heroin abuse in this subject (Fig. 4) . Subject 4 claimed no heroin abuse for the last month, with occasional abuse over the previous 6 months. The results of the hair analysis for this subject (Fig. 5) show a large recent increase in morphine concentration in the (}-l ern and 1-2cm segments from the scalp, refuting the claims of the subject in question.
The alkaline digestion method (method 5) used in this study for the sectional hair analysis for morphine, that of Arnold," was initially chosen in preference to the acid digestion methods more recently described.v-!? since it was thought that this may lead to a greater liberation of morphine (a basic drug) from the hair structure. However, the concentrations detected in the hair specimens analysed in this study ranged from O' 5 to 13·2 ng/mg of hair for morphine, which are comparable with data already published (range 0·6-11·8 ng/mg hair) from acid hydrolysis prior to both RIA and GeMS methods.Y"
It has been suggested that there may be a correlation between self-reported heroin use and concentrations determined in hair specimens.P However, other workers have found no such correlation.P and we feel that it would be unwise to attempt to relate concentrations measured to dose taken. Such back extrapolations require numerous assumptions regarding drug purity, quantity taken, health status, and the claims made or information provided about the abuse patterns of the subjects being monitored. Additionally, the time delay between ingestion of drugs and their appearance in hair, estimated at around 7-8 days for opiates," would need to be established to enable such calculations to be performed. It has also been suggested that the application of segmental analysis to self-reported drug usage in terms of whether usage is constant, increasing, decreasing or absent. 5 This work shows that addicts' claims may not be ':.
x) / ) ' Cut-off concentration '(: .,:". The results of the analyses described above demonstrate two points. First, that cutting the hair into shorter segments, prior to the digestion process, leads to a clearer picture of events from the apparent liberation of more drug. This is possibly due to the longer (3 em) segments not being fully degraded by the digestion process, thereby retaining some of the deposited drug in the hair matrix slurry after digestion. This point is well illustrated in Fig. 2a and b, and Fig. 3a and b. Secondly, the results illustrate the problems of hair analysis in determining past drug use patterns.
Subject 1 claimed no heroin abuse for the last 3 months, but regularly for the previous 3 months. These claims are apparently substantiated by the results of the 3 em segmental analysis ( Fig. 2a ), but are refuted by the results of the 1em segmental analysis (Fig. 2b) which shows a recent increase (the (}-l cm segment from the scalp) in the morphine concentration of the hair. Subject 2 had undergone methadone detoxification (see patient details) commencing 6 months and ending 3 months before hair specimen collection. The data shown in Fig. 3a from 3 em segmental analysis show little or no change in morphine concentration along the specimen's length of 12cm, equal to 6-12 months growth, implying the success of the detoxification programme. Figure 3b (1 em segments) suggests a totally different picture, reflected in their observed drug use patterns, and that caution is essential when attempting to interpret hair segmental analysis data.
In conclusion, sectional hair analysis is a powerful technique for monitoring historic drug abuse patterns and could be a useful adjunct to urinary drugs of abuse screening. However, it should be noted that the interpretation of analytical results relies on many factors, including
The removal of any possible external contamination by an appropriate washing technique without the removal of drug from the hair matrix itself 2 The complete liberation of the drug from the specimen by the digestion process. This is best monitored by the use of a quality control material such as the reference material described above 3 Variation in drug liberation from the hair matrix with segment length, better liberation being obtained from shorter segments 4 The assumptions that hair grows at a fixed rate, and that the liberation of drug from specimens and spiked calibrators or controls is the same. This may not necessarily be the case" 5 The possible effects of cosmetic hair treatments.P:"
Hair analysis could have an important role in the clinical audit of drug abuse, most notably when used for the initial assessment of subjects and for the follow up of treatment. The method presented here could achieve this goal. However, because of the many factors noted above, hair analyses may be an unreliable estimate of historical drug usage. Even in this limited size pilot study it has been demonstrated that claimed drug use patterns in one subject could have been substantiated or refuted depending on the method of specimen analysis (I ern or 3 em length segments) employed. A much more detailed evaluation of hair analysis techniques is required before they can be recommended for routine clinical use in the management of drug abusers. Acceptedfor publication 4 September 1996
